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ABSTRACT
THE MARINE GEOCHEMISTRY OF SELENIUM
Kazufumi Takayanagi 
Old Dominion University, 1982 
Director: Dr. George T.F. Wong
A fluorometric method for the determination of Se (IV) 
and total selenium in natural waters has been developed and 
optimized. The detection limit is about 20 pM for both 
analyses using a one liter sample. The precisions were 
about 2 % at 338 pM for Se (IV) and at 234 pM for total 
selenium.
The concentrations of both total selenium and Se (IV) 
decreased with increasing salinity in the surface waters of 
the James River and southern Chesapeake Bay. While total 
selenium seemed to exhibit conservative behavior at 
salinities above 0.36 o/oo, Se (IV) was apparently removed 
during estuarine mixing. The removal of Se (IV) occurred 
primarily at salinities below 4 o/oo possibly as a result of 
the oxidation of Se (IV) to Se (VI). Se (IV) was the 
dominant inorganic species in river water. The
concentration ratio of Se (IV) to Se (VI) decreased from 15 
at 0.4 o/oo to 0.9 at 31.8 o/oo.
The reduction of Se (VI) to Se (IV) by nitrate
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reductase (NR) extracted from D. tertiolecta was 
negligible. Any correlation between NR activity and the 
concentration ratio of Se (IV) to Se (VI) was not apparent 
in the surface waters at the mouth of the Chesapeake Bay.
The major fraction of dissolved inorganic selenium was 
in the colloidal form in river and estuarine waters. No 
inorganic colloidal selenium was detected in seawater. 
UV-oxidizable organic selenium was detected in all three 
types of waters, and constituted up to 60 % of dissolved
selenium. Organic selenium preferentially associated with 
material having nominal molecular weight less than 10,000.
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GENERAL INTRODUCTION
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
2
1.1. Introduction
In order to gain a better understanding of the 
mechanisms which control the composition of the ocean, it is 
necessary for the chemical speciation of elements in the 
ocean to be known. Studies concerning chemical speciation 
give a better understanding of the role of an element in the 
sedimentary cycle, the physical chemistry of seawater, the 
nature of pollutant interactions, and the complexities of 
the biogeochemical cycle (Stumm and Brauner, 1975).
Sillen (1961) calculated the chemical speciation of a 
number of elements in seawater based on thermodynamics. 
Since then, several attempts have been made to demonstrate 
whether or not seawater is accurately predicted by Sillen's 
model. There are two assumptions in his model: (1) the
ocean is a closed system and (2) the ocean has reached a 
chemical equilibrium. In reality, the ocean is not a closed 
system. There are exchanges of energy and matter at the 
boundaries of the ocean such as the land-sea, the air-sea, 
and the sediment-sea interfaces. Furthermore, some chemical 
reactions such as redox reactions in natural waters may be 
slow. Once a disequilibrium is created, it may take an 
amount of time that is significant in the geological time 
scale to re-establish the equilibrium. An obvious example 
is organic matter in seawater, which is synthesized by 
organisms through photosynthesis. At equilibrium, organic 
matter should not exist, as it would be oxidized to C02 and
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
H2O (Stumm, 1967). This situation may have indeed existed
in the early, pre-biotic earth. However, photosynthetic
organisms can convert inorganic carbon into
thermodynamically unstable organic compounds, and these
organic compounds can survive for long periods of time
(Blumer, 1967). Moreover, the residence times of the
elements in the ocean vary considerably. In comparison with
seawater, which has a residence time of approximately 500
years (Broecker, 1979), major ions have much longer
7residence times; _£•£•' 6.8x10 years for Na and
1x10s years for Cl (Brewer, 1975). They are well mixed and
homogeneously distributed in the ocean. On the other hand, 
several minor elements have shorter residence times; £.g., 
100 years for A1 and 200 years for Fe (Brewer, 1975). 
Hence, they are considered geochemically reactive; £•£•, 
they may be selectively consumed by organisms, or they may 
be selectively adsorbed onto suspended particles. As a 
result, their concentrations in the ocean may vary 
considerably, making it difficult to ascertain whether the 
oceanic system has reached a chemical equilibrium.
Disequilibria are known to occur in the systems of 
bio-active and multi-oxidation-state elements (Morris and 
Stumm, 1967). Marine organisms can modify the redox 
chemistry of bio-active elements. Photosynthetic organisms 
are able to produce thermodynamically unstable species by 
utilizing solar energy. These thermodynamically unstable 
species may persist in the ocean due to the slow rates of
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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redox reactions. This phenomenon is especially prominent in 
oceanic surface waters. Multi-oxidation-state elements 
derived from land by weathering and/or from marine sediments 
by diffusion, may also exist in thermodynamically unstable 
forms in seawater depending on their speciation in minerals 
or in marine sediments. Disequilibria can be found in the 
nitrogen, arsenic and iodine systems (Riley and Chester, 
1971, Johnson and Pilson, 1972 and Wong and Brewer, 1974).
Selenium is one of the elements that has not attained a 
thermodynamic equilibrium in the marine environment. 
Although Sillen's model predicts that selenate, Se (VI), 
should be the only detectable selenium species in oxygenated 
seawater, the existence of two selenium species, selenate 
and selenite [Se (IV)], in the ocean have been reported 
(Sugimura et al. , 1976, Measures and Burton, 1978 and 1980a, 
and Uchida et al., 1980).
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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1.2. Redox Chemistry of Selenium
The common oxidation states of selenium are -2, 0, +4
and +6. Sillen (1961) suggested that the speciation of 
selenium in seawater is controlled by an equilibrium between 
Se (IV) and Se (VI).
SeO^- + 2 H+ + 2 e“ = SeOj- + H20 (log K=29.7) 
Se (VI) Se (IV)
At a pH of 8.1 and pE of 12.5, values suggested for
oxygenated seawater (Sillen, 1961), the concentration ratio 
of Se (IV) to Se (VI) at equilibrium is 10 1:L'5 . Therefore,
Se (VI) should be the predominant species of selenium in
oxygenated seawater (Details will be discussed in Chapter
4) .
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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1.3. Selenium in the Environment
Selenium in the earth's crust is known to be 
concentrated in sulfide minerals, in which selenium atoms 
can replace sulfur atoms to a limited extent. Selenide 
minerals also occur in nature, although they are rare (Chau 
and Riley, 1965). Some of the selenide minerals are listed 
in Table 1.1.
Selenium is also found in the biosphere. There is a 
group of plants known as selenium indicator plants which 
grow in selenium rich soils. However, the distribution of 
these plants are limited to such areas. When these plants 
were cultured in the laboratories, the rate of growth 
corresponded well to the addition of selenium (Trelease and 
Trelease, 1938). Schroeder et al. (1970) found high 
concentrations of selenium in livers and kidneys of wild 
animals, but they did not observe an obvious relationship 
between tissue selenium levels and dietary habits.
Selenium is significantly enriched in the atmosphere 
relative to its crustal abundance. The average 
concentration of particulate selenium in the atmosphere is 
0.43 ng/m3 (Buat-Menard and Chesselet, 1979). This implies 
that selenium is introduced into the atmosphere by processes 
other than weathering. This enrichment could be caused by 
volcanic activity (Horn and Adams, 1966). Selenium may also 
be introduced to the atmosphere by the combustion of fossil 
fuels since the concentration of selenium in coal is much
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Table 1.1. Selenium containing minerals.*
Name Formula
Clausthalite PbSe
Crookesite (Cu, Tl, Ag)2Se
Eucairite (Cu, Ag)2Se
Naumannite (Ag, Pb) Se
Tiemannite HgSe
*Data from Bagnall (1973) .
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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higher than that found in the earth's crust (Magee et al., 
1973 and Andren et a_l. , 1975). The distribution of selenium 
in the environment is listed in Table 1.2.
The concentration of selenium in seawater has been 
measured since the 1930's, and it ranges from undetectable 
to 2.3 nmole/1 (Table 1.3). Less attention has been paid to 
the speciation of selenium in natural waters. Sugimura and 
Suzuki (1977) reported that the concentrations of 
thermodynamically unstable Se (IV) was higher than those of 
Se (VI) in the western North Pacific. Yoshii et. al. (1977) 
reported that the concentrations of Se (VI) were higher. 
The Se (VI) to Se (IV) concentration ratio varied from 0.04 
to 0.72. The vertical profiles of Se (IV) and Se (VI) 
reported by Sugimura et al. (1976) indicate that the 
concentrations of both Se (IV) and Se (VI) increase with 
depth to a mid-depth maximum and then decrease slightly at 
greater depth (Fig. 1.1).
Recently, Measures and Burton (1980a) and Measures et 
al . (1980) reported the vertical profiles of Se (IV) and Se
(VI) in the Atlantic and Pacific Oceans (Fig. 1.2 and Fig. 
1.3), and they were similar to those of the nutrients. This 
suggests that the distribution of selenium in the ocean may 
also be controlled by biological processes; selenium
is taken up by organisms at the surface and regenerated 
below the euphotic zone. Selenium is a bio-active element. 
It is essential for optimal growth for terrestrial organisms 
(Schwarz and Fortz, 1957, Hartly and Grant, 1961, Schubert
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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Table 1.2. Occurrence of selenium in nature.
Material Se in ppm Reference
Atmosphere (particulate) 0.40 - 0.72 Peirson et a]L. (1973)
Buart-Menard S Chesselet (1979)
Water
Rivers 0.20 x 10 Kharker et al. (1968)
Ground water in Canada 0.1 x 10-3 Goulden & Brooksbank (1974)
Earth's crust
Igneous rocks 0.05 Turekian & Wedepohl (1971)
Shales 0.6 Turekian S Wedepohl (1971)
Sandstones 0.05 Turekian S Wedepohl (1971)
Carbonates 0.08 Turekian & Wedepohl (1971)
Soil
Nonseleniferous 1 - 2 Rosenfeld & Beath (1964)
Seleniferous 0.1 - 80 Rosenfeld S Beath (1964)
Coal 0.5 - 3.9 Magee et al_. (1573)
Marine sediment (NW Pacific) 0.2 - 1.7 Sokolova S Pipipchuk (1973)
Vegetation
Astragalus bisulcatus 5530 Rosenfeld S Beath (1964)
Stanleva pinnata 1190 Rosenfeld & Beath (1964)
Grains^ 0.1 - 30 Rosenfeld & Beath (1964)
Vegetables^ 0.1 - 4.5 Rosenfeld & Beath (1964)
Animals
Human 0.36 Schroeder et al. (1970)
Raccoon 1.22 - 5.09(3) Schroeder et al. (1970)
Jack rabbit 1.60 - 9.93<3) Schroeder et al. (1970)
Marine organisms
Euphausiid 4.4 Fowler (1977)
Faecel pellets 6.6(4) Fowler (1977)
Lysmata eeticaudata 2.69(4) Fowler s Benayoun (1976a)
Black Marlin (muscle) 0.4 - 4.3(3) Mackay et al. (1975)
(liver) 1.4 - 13.5(3) Mackay et al. (1975)
*^Unit in ng/m3p\
Grown in seleniferous areas
^ W e t  weight 
(4)Dry weight
























North Sea 42-56 — — Goldshimdt & Strock (1935)
North Sea 51 — — Wattenburg (1938)
Irish Sea 4.3 — — Chau & Riley (1965)
Pacific Ocean 0.51-1.14 0.13-1.52 — Sugimura et al. (1976)
Western North Pacific 0.51-0.76 0.25-0.76 0.76-1.52 Sugimura & Suzuki (1977)
Coastal Pacific off 
Japan 0.25-0.63 0.38-3.50 — Yoshii et al. (1977)
Coastal Pacific off 
California 0.06-0.89 — — Cutter (1978)
Northeast Atlantic 0.025-0.696 — 0.316-1.747 Measures & Burton (1980)
Pacific Ocean 0.058-0.821 — 0.529-2.342 Measures et al. (1980)
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Fig. 1.1. The vertical profiles of Se(IV) and Se(VI) 
in the western North Pacific (Sugimura 
et al., 1976) .
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R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.
1 3
Selenium (nmole/kg) 








t   -— >*A**a

















Se (IV) Se (VI)
Fig. 1.3. The vertical profiles of Se(IV) and
Se(VI) at GEOSECS I (Measures et al. , 
1980) .
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et ad., 1961 and Schwarz, 1961, Frost and Lish, 1975, 
Thomson and Robinson, 1980 and Mertz, 1981). Some organisms 
are also capable of methylating inorganic selenium (Chau et 
al., 1976 and Reamer and Zoller, 1980). However, the
physico-biochemical role of selenium in marine organisms, 
especially in phytoplankton, is not well known. In fact, it 
is not yet known which selenium species, Se (IV) or Se (VI), 
is taken up or is produced by marine organisms. Parizek £t 
a l . (1971) suggested that selenium compounds could protect
organisms from the toxicity of trace elements such as 
cadmium and mercury. The selenium and mercury found in 
marine mammals, birds and fish have a good correlation 
(Ganther et al., 1973, Koeman et al., 1973, Koeman and Vande 
Ven, 1975 and Kari and Kauranen, 1978). Poston et al.
(1976) reported that selenium was needed for the healthy 
growth of Atlantic salmon, Salmo salar. Up to date, only 
one piece of work has been published concerning the uptake 
of selenium by phytoplankton. Sandholm et al_. (1973) 
reported that the uptake of Se (IV) by the fresh water 
phytoplankton, Scenedesmus dimorphus, was negligible, while 
the uptake of selenomethionine was significant.
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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1.4. Objectives of This Dissertation Research
In this study, I intended to investigate the speciation 
and some of the processes that may affect the speciation of 
selenium in estuarine, coastal and surface waters of the 
ocean.
The four specific objectives were:
(1) to develop an improved technique for the determination 
of selenium in natural waters,
(2) to investigate whether nitrate reductase can reduce Se 
(VI) to Se (IV),
(3) to investigate the speciation of selenium in the James 
River and southern Chesapeake Bay, and
(4) to determine the presence of organic selenium in 
natural waters and to investigate the distribution of 
organic selenium among the various size classes of dissolved 
organic matter.
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2.1. Introduction
Selenium is one of the elements which exist in more 
than one oxidation state in seawater. Although Se (VI) 
should be the only detectable species in oxygenated seawater 
(Sillen, 1961), the presence of both Se (IV) and Se (VI) 
have been reported (Sugimura et a^. , 1976, Cutter, 1978,
Measures and Burton, 1980a, Measures et aJL., 1980 and Uchida 
et al., 1980). The concentration of total selenium ranged 
from about 0.3 nM in surface seawater to 2.0 nM in the deep 
oceans, while the concentration of Se (IV) ranged from 
undetectable to 0.7 nM (Sugimura et al̂ . , 1976, Measures and 
Burton, 1980a and Measures et a^., 1980). In coastal and 
estuarine waters, higher values of total selenium and Se 
(IV) have been reported (Cutter, 1978, Uchida et al̂ . , 1980
and Measures and Burton, 1978).
In order to study the marine geochemistry of selenium, 
it is essential to have an analytical method which is not 
only sensitive enough to detect these low concentrations, 
but is also capable of distinguishing between the different 
oxidation states of selenium. Furthermore, it would be 
convenient if the required sample volume for each analysis 
is reasonably small. Few existing methods meet all these 
criteria. Some require a large volume of sample up to 
several liters (Sugimura et ajL. , 1976 and Sugimura and
Suzuki, 1977), while others require specialized equipment 
which may not be widely available, such as an atomic
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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absorption spectrophotometer with a custom-built hydride 
generator connected to a quartz tube furnace (Cutter, 1978) 
or an X-ray fluorescence spectrophotometer (Robberecht and 
Van Grieken, 1980). Still others require a precise control 
of the experimental conditions in order to ensure the 
quantitative recovery of selenium (Uchida et a l ., 1980 and
Measures and Burton, 1980b).
A fluorometric method has been used extensively for the 
determination of selenium in biological materials (Lott et 
al., 1963, Cukor et a l ., 1964, Allaway and Cary, 1964 and 
Hall and Gupta, 1969), in soils and sediments (Hemsted et 
a l ., 1972 and Tamari, 1978), in polluted waters (Raihle, 
1972), and natural waters (Rankin, 1973, Sugimura et al., 
1976 and Sugimura and Suzuki, 1977). The chemistry involved 
in the fluorometric determination of selenium has been 
thoroughly investigated (Parker and Harvey, 1962 and Cukor 
and Lott, 1965). In this method, Se (IV) reacts with
2,3-diaminonaphthalene to form 4,5-benzopiazselenol, which 
emits a lime green fluorescence when excited with UV light. 
This fluorescence is used to determine the concentration of 
Se (IV) in the samples. Other forms of selenium may also be 
measured by this method if they can first be converted to Se 
(IV). Hiraki and co-workers (1973) have applied this method 
to the determination of Se (IV) in seawater. Selenium was 
co-precipitated with ferric hydroxide and the excess ferric 
ion, an interference for the fluorometric determination of 
selenium (Lott et a l ., 1963), was removed by utilizing ion
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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exchange columns. However, this method was tedious and time 
consuming. The detection limit was not given. It is 
estimated to be about 130 pM, a value that is too high for 
analyzing the low concentrations of selenium in seawater. 
Furthermore, 5 liters of sample was required for each 
analysis. They later adopted this method for the 
determination of Se (VI) in seawater (Yoshii et a l ., 1977).
Se (VI) was co-precipitated with tellurium after Se (IV) had 
been removed with ferric hydroxide. However, the detection 
limit is again too high for analyzing seawater samples. 
Sugimura and Suzuki (1977) have also applied this method to 
the determination of total selenium and Se (IV) in seawater. 
Total selenium was co-precipitated with tellurium. Se (IV) 
was first complexed with sodium dithiocarbamate (DDTC). The 
complex was retained preferentially on an Amberlite XAD-2 
resin column. Se (IV) was then recovered by eluting the 
column with nitric acid. However, 5 liters of seawater was 
required for each analysis. Again, the detection limit was 
not given and it is estimated to be about 130 pM, which is 
again unacceptable for analyzing the low concentrations of 
selenium in seawater. It has been found that the DDTC - Se 
(IV) complex is not easily recovered quantitatively from the 
column.
This chapter describes the application and optimization 
of the fluorometric method for the determination of Se (IV) 
and total selenium in natural waters. Se (IV) is 
preconcentrated by complexing it with ammonium
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1-pyrrolidinedithiocarbamate (APDC), extracting the complex 
into chloroform, and then back extracting the selenium into
nitric acid. The optimal conditions for the
preconcentration of total selenium in natural waters with
tellurium using a small amount of sample were also
investigated.




DAN solution (0.5 %). Dissolve 0.1 g of
2,3-diaminonaphthalene (DAN) and 0.5 g of hydroxylamine
hydroxychloride in 0.1 M hydrochloric acid to make 200 ml. 
Heat the solution in a water bath at 50°C for 20 minutes. 
Purify the solution by extracting it with 15 ml of 
cyclohexane three times. Prepare this solution daily.
APDC solution (2 %) . Dissolve 10 g of ammonium
1-pyrrolidinedithiocarbamate (APDC) in de-ionize water and 
dilute to 500 ml. Purify the solution by extracting it with 
25 ml of chloroform three times.
Ammonium acetate buffer. Dissolve 170 g of ammonium
acetate in de-ionized water and dilute to 500 ml.
Tellurium carrier solution (1000 p p m ) . Dissolve 0.868 
g of sodium tellurite in 1 M hydrochloric acid to make 500 
ml. Purify the solution by adding 5 ml of APDC solution to 
it and then extracting it with 25 ml of chloroform three 
times.
EDTA solution (0.1 M ) . Dissolve 9.3 g of 
ethylenedinitrilo-tetraacetic acid disodium salt dihydrate 
(Na2EDTA-2 ^ 0 )  in de-ionized water and dilute to 250 ml.
Selenium (IV) standard. Prepare a 1000 pM stock 
solution with sodium selenite. Prepare working standards by 
serial dilution with de-ionized water.
Selenium (VI) standard. Prepare a 1000 pM stock
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solution with sodium selenate. Prepare working standards by
serial dilution with de-ionized water.
Spectrograde cyclohexane and glass distilled chloroform 
were used. All other chemicals: hydrochloric acid,
ammonium hydroxide, nitric acid, perchloric acid, and 
hydrazine sulfate were reagent grade chemicals.
2.2.2. Apparatus
A Perkin-Elmer 650-10S fluorescence spectrophotometer 
equipped with a chart recorder and a digital display was 
used.
2.2.3. Procedure
Preconcentration of selenium (IV). Transfer one liter 
of a filtered sample to a 1000 ml separatory funnel. Adjust 
the pH to 4.2 by adding 2.5 ml of 6 M hydrochloric acid and 
5.2 ml of acetate buffer. Add 10 ml of APDC solution and 
mix the solution thoroughly. Add 20 ml of chloroform and 
shake the mixture vigorously for 2 minutes. Transfer the
organic phase to a 125 ml separatory funnel which contains 
23 ml of 8 M nitric acid. Extract the aqueous phase with 
another 15 ml of chloroform and combine it with the first 
extract. Allow the chloroform - nitric acid mixture to 
stand for at least 8 hours and shake the mixture 
occasionally. Transfer the aqueous phase to a 50 ml beaker 
and add 3 ml of 70 % perchloric acid. Evaporate the acid 
mixture to near dryness. The analysis continues with the
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
23
fluorometric procedure.
Preconcentration of total selenium. Add 6 ml of
tellurium carrier, 4 g of hydrazine sulfate and 300 ml of 
concenrated hydrochloric acid to one liter of filtered 
sample. Slowly bring the solution to boiling and boil it 
for about 15 minutes. Allow the solution to cool down to
room temperature. Filter the solution through a Gelman A/E 
glass fiber filter. Dissolve the precipitate in 10 ml of 
concentrated nitric acid and 3 ml of 70 % perchloric acid. 
Evaporate the acid mixture to near dryness. The analysis 
continues with the fluorometric procedure.
Fluorometric procedure. Add 10 ml of 6 M hydrochloric 
acid to the preconcenrated sample and boil for 5 minutes. 
Adjust the pH of the solution to 1.0 with 7.5 M ammonium 
hydroxide. Add 0.5 ml of EDTA solution and 10 ml of DAN 
solution to the sample and adjust the volume to 50 ml with 
0.1 M hydrochloric acid. Heat the sample in a water bath at 
50°C for 20 minutes. Allow the solution to cool down to
room temperature. Transfer the sample to a 125 ml
separatory funnel and add 5 ml of cyclohexane. Shake the 
solution vigorously for 2 minutes. Retain the organic phase 
and centrifuge it at 2500 rpm for 15 minutes. Measure the 
fluorescence intensity of the extract at an emmission 
wavelength of 520 nm and an excitation wavelength of 380 nm.
Calibration curve. Known amounts of Se (IV) were added 
to one liter aliquots of a seawater sample, and the 
fluorescence intensities of these aliquots were measured
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following the preconcentration and fluorometric procedures. 
The fluorescence intensities were linearly related with the 
concentration changes due to the added Se (IV). Two 
calibration curves were constructed for the determination of 
Se (IV) and total selenium separatory.
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2.3. Results and Discussion
2.3.1. Preconcentration of selenium (IV)
APDC has been used extensively as a complexing agent 
for trace metals (Kinrade and Van Loon, 1974, Stolzberg, 
1975, Bruland et aJL. , 1979 and Sturgeon et a_l. , 1980).
Although the exact molecular structure of the complex is not 
well understood, APDC is also known to form a complex with 
Se (IV) in weakly acidic solutions (Foss, 1953 and 
Hulanicki, 1967). I have chosen pH 4.2 for the complexation 
procedure (Kamada et aJL. , 1978). The specificity of APDC as 
a complexing agent for Se (IV) was examined by determining 
the amount of selenium recovered from standard solutions 
containing known amounts of Se (IV), Se (VI) and both Se 
(IV) and Se (VI). The results are presented in Table 2.1. 
Se (IV) was quantitatively recovered, while no selenium was 
detected in the presence of Se (VI) alone. In mixtures, 
only an amount equal to the amount of Se (IV) present was 
detected.
The amount of APDC needed for the quantitative recovery 
of Se (IV) was also examined. Se (IV) standards with 
concentrations up to 500 pM were made. The fluorescence 
intensities of the standards were measured by following the 
preconcentration and fluorometric procedures. Since the 
concentrations and the volumes of the standards used in the 
procedures were known, the theoretical amount of Se (IV), 
assuming 100 % recovery through the entire analytical
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
2 6
Table 2.1. Specificity of APDC as a complexing 
selenium (IV).
agent for
Se(IV) Se (VI) Selenium Found Recovery
(nM) (nM) (nM) (%)
0.020 — 0.024 120.0
0.050 — 0.046 92. 0
0.100 — 0.092 92.0
3.20 — 3.26 101.9
3.20 — 3.16 98.8
4.80 — 4.70 97. 9
1.60 6.40 1.60 100.0
3.20 6.40 3.20 100.0
— 3.20 — —
— 6.40 — —
Average: 100 .3 ± 8.8
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scheme, present in each sample can be calculated. The 
fluorescence intensity was linearly related to the 
theoretical amount of Se (IV) present. The slope of this 
line was determined. More concentrated standard solutions 
with identical concentrations of Se (IV) as the dilute 
standards after preconcentration were made so that the 
fluorescence intensities could be determined by processing 
these standards through the fluorometric procedure alone 
without preconcentration. The slope of the line relating 
the fluorescence intensities to the amount of Se (IV) 
present was again determined. The recovery was calculated 
as a ratio of these two slopes. (In other parts of this 
study where recovery was calculated at one concentration, 
the recovery is given as the ratio of the fluorescence 
intensities of the samples with and without 
preconcentration.) This procedure for calculating yield has 
been used in other studies (Danielsson £t al.. , 1978).
Recovery increases with increasing amount of added APDC up 
to 10 ml of 2 % APDC solution for each liter of sample (Fig. 
2.1). When 10 or more ml of 2 % APDC solution was used, the 
recovery stayed approximately constant at 93 %. I have
chosen to add 10 ml of APDC solution to each liter of a 
sample.
In the back extraction of selenium from chloroform into 
nitric acid, the selenium - APDC complex decomposes under 
the strongly acidic condition and inorganic selenium is 
extracted into the inorganic phase. Thus, the effeciency of
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Volume of APDC (ml)
Fig. 2.1. The recovery of Se(IV) by complexa- 
tion with APDC.
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the back extraction of selenium from chloroform into nitric 
acid depends on the rate of decomposition of the selenium - 
APDC complex. The optimal condition for this back 
extraction was studied by extracting the selenium - APDC 
complexes from one liter of a 3.2 nM Se (IV) solution into 
chloroform. The chloroform extracts were transfered to 
separatory funnels containing 8 M nitric acid. The samples 
were then vigorously shaken for 2 minutes, and then allowed 
to sit for various periods of time with occasional shaking 
during the first hour. Then the concentration of selenium 
in each sample was determined. The results are shown in 
Fig. 2.2. After 8 hours, the recovery of Se (IV) was 
between 97 % and 102 %. Within the analytical uncertainty, 
this recovery is considered to be quantitative.
2.3.2. Optimization of the preconcentration of total 
selenium
Sugimura and Suzuki (1977) used 5 liters of sample for 
the determination of total selenium. They did not report 
their detection limit or precision. Their reported selenium 
values were given to two decimal places in pg/1 . If the 
second decimal place is assumed to be their detection limit, 
it would be 0.01 pg/1 or 127 pM, a value that is too high 
for the determination of the low concentrations of selenium 
encountered in natural waters. Their study on recovery was 
also limited to concentrations above 2.5 nM. The objective 
of this study was to improve the method so that selenium may


























T I M E  (HOURS)
Fig. 2.2. The amount of time required for back extracting 
selenium from chloroform to nitric acid. u>o
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be determined at lower concenrations with a smaller volume 
of sample. Although most of their experimental conditions 
were acceptable, there were crucial steps that deserve 
special attention. Even though one liter of sample was used 
for my analytical scheme, 6 ml of 1000 ppm tellurium 
carrier, about the same amount used by Sugimura and Suzuki
(1977) for 5 liters of sample, was still necessary for the 
quantitative recovery of selenium (Table 2.2). Furthermore, 
the sample must be brought to boiling slowly. Otherwise, 
fine precipitates, which can not be recovered quantitatively 
by filtration through a glass fiber filter, are formed. 
Both Se (IV) and Se (VI) can be recovered quantitatively at 
low concentrations by this method. The average recovery of 
7 samples from 100 to 400 pM was 99.6 % with a relative 
standard deviation of 5.9 % (Table 2.3). Within the
analytical uncertainty, The recovery of both Se (IV) and Se 
(VI) were considered to be quantitative.
2.3.3. Fluorometric determination
DAN reacts only with Se (IV) (Parker and Harvey, 1962 
and Clarke, 1970). Therefore, all selenium extracted or 
co-precipitated must be converted to Se (IV) in order to 
determine the selenium content in samples. The selenium 
extracted or co-precipitated is oxidized by heating in a 
mixture of nitric and perchloric acids. Consequently, all 
selenium is converted to Se (VI), the most oxidized species 
of selenium. The Se (VI) is then reduced to Se (IV) in 6 M






























De-ionized water — 6000 0.5 2581 43.0
— 6000 1.0 3050 50.8
— 2529 1.0 1199 47.4
— 1200 3.0 1076 89.6
— 2529 3.0 2330 92.1
— 6000 5.0 6000 100. 0
— 400 6.0 391 97.8
Estuarine water 647 800 3.0 1047 50.0
1600 3.0 1507 53.8
Estuarine water 431 400 6.0 812 95.3
1600 6.0 1971 96.3
Seawater (31.8 o/oo) 276 800 6.0 1566 95.8




Table 2.3. The recovery of 
cipitation vrith











100 — 97 97.0
200 — 179 89.5
100 100 195 . 97.5
— 200 212 106.0
400 — 393 98.3
200 200 409 102.3
— 400 426 106.5
Average: 99.6 + 5.9
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hydrochloric acid upon 5 minutes or Doiling. The extensive 
period of boiling may result in a loss of some selenium due 
to volatilization (Bagnall, 1966). EDTA is used to mask any 
possible interfering substances in the sample (Lott e_t a_l. , 
1963).
2.3.4. Application to seawater and estuarine waters
The calibration curves of Se (IV) and total selenium in 
seawater by standard additions and in standard solutions are 
presented in Fig. 2.3 (a) and (b), respectively. By
comparing the slopes of the lines relating fluorescence 
intensities to the concentrations of added selenium for the 
samples and the standards, the average recovery of Se (IV) 
and total selenium were calculated to be 92 % (Table 2.4).
The detection limit was calculated as the concentration 
which produces a signal-to-noise ratio of two, and it was 
observed to be about 20 pM for both Se (IV) and total 
selenium using a one liter sample. The precision of the 
method was evaluated by analyzing subsamples of seawater and 
estuarine waters repeatedly. The results indicate a 
relative standard deviation of approximately 2 % at
concentrations above 274 pM, and 8 % at 131 pM (Table 2.5).
The vertical profiles of Se (IV) and total selenium in 
Sargasso Sea at 28°18'N and 63°00'W are shown in Fig. 2.4. 
The selenium - APDC complexes were extracted at pH 2 because
the samples were preserved at that pH. The shape of the



































Selenium (nM) Selenium (nM)
Fig. 2.3. Recovery of Se(IV) (a) and total selenium (b).
(1) Fluorescence intensities of seawater samples with standard 
additions of selenium and preconcentration.



















Table 2.4. The recovery of added selenium in seawaters and estuarine waters.
Species of Se Slope of Samples by Slope of Recovery
Sample Determined Standard Additions Standards (%)
Seawater (31.8 o/oo) Total Se 5.80 6.13 94.6
Estuarine water (27.4 o/oo) Total Se 5.63 6.15 91.5
Estuarine water (13.5 o/oo) Total Se 5.56 6.14 90.6
Average: 92.2 + 2.1
Seawater (31.8 o/oo) Se(IV) 20.9 22.5 93.0
Seawater (31.2 o/oo) Se(IV) 21.4 23.4 91.5


















Table 2.5. Reproducibility of selenium determination.
Species of Se Selenium (pM) Relative Standard
Sample Determined Found Average Deviation (%)
Seawater (31.8 o/oo) Total Se 276, 261, 278
274 2.7
278, 278
Estuarine water (25.6 o/oo) Total Se 589, 623, 606 606 2.8
Estuarine water (20.6 o/oo) Total Se 577, 579
582 1.6
577, 596
Seawater (31.8 o/oo) Se(IV) 134, 120, 129
130 8.1
149, 124, 123















Se (IV) Total Se
Fig. 2.4. The vertical profiles of Se(IV) and total 
selenium in Sargasso Sea at 28°18'N and 
63° 00 *W.
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profiles and the concentrations observed are similar to 
those reported previously for other parts of the Atlantic 
Ocean (Measures and Burton, 1980a).
2.3.5. Applications to other natural waters
When this method was applied to river waters with low 
salinities, the recoveries of both Se (IV) and total 
selenium were somewhat lower (Table 2.6). River waters have 
higher concentrations of dissolved organic carbon (Riley and 
Chester, 1971 and Duce and Duursma, 1977). In the 
determination of total selenium, river waters containing a 
large amount of organic matter (>5 mg/1 of dissolved organic 
carbon) tend to produce smaller precipitates, which may not 
be quantitatively recovered by filtration. Therefore, a 
calibration curve using standard additions is recommended 
for each sample. In the determination of Se (IV), 
chloroform may extract, aside from the selenium - APDC 
complex, selenium associated with lipoidal material such as 
fatty acids, hydrocarbons, lipids and some humic substance. 
Therefore, the concentration of selenium obtained by this 
method includes Se (IV) and some of the organic selenium in 
a sample. I have observed that the amount of chloroform 
extractable organic selenium is negligible in open ocean 
seawater where dissoved organic carbon content is low. In 
river waters, this fraction may be quantitatively
significant. This problem can be circumvented by 
pre-extracting the sample with chloroform at pH 4.2 prior to

















Table 2.6, The recovery of added selenium in river waters.
Sample
Species of Se 
Determined






River water (0 o/oo) Total Se 4.88 5.89 82.9
River water (0.07 o/oo) Total Se 5.30 6.14 86.3
River water (4.65 o/oo) Total Se 5.38 6.14 87.6
River water (0 o/oo) Se(IV) 10.3 12.8 80.5
o
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the preconcentration procedure. However, I found that even 
in the absence of APDC, part of the the Se (IV) is 
extractable with chloroform in the presence of acetate. 
Thus, the pH should be adjusted with hydrochloric acid 
alone. Such a solution has a small buffering capacity. 
However, the precise control of pH in the sample may not be 
necessary, because Se (IV) complexes preferentially with 
APDC within a pH range of 1.0 to 5.0 (Kamada et a l ., 1978).
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Chapter 3
TOTAL SELENIUM AND SELENIUM (IV) IN THE 
JAMES RIVER ESTUARY AND SOUTHERN CHESAPEAKE BAY
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3.1. Introduction
Riverine input has long been recognized as one of the
most important terms in the global geochemical cycle (Boyle
et al., 1974 and Edmond et a l . , 1981). Chemical and
biological processes which occur during the mixing of river
water with seawater may lead to the addition or removal as
well as the alteration of the speciation of dissolved
constituents in river waters (Liss, 1976 and Aston, 1978),
and thus may determine to a significant extent the riverine
supply of elements to the oceans. Elements which can exist
in different oxidation states are of particular interest
because the true redox potential of natural waters is not
precisely known (Breck, 1972) and species in the different
oxidation states may behave differently during estuarine
mixing (Aston, 1978). Selenium is one of such elements.
The common oxidation states of selenium are -2, 0, +4 and
+6. Sillen (1961) suggested that Se (VI) should be the only
detectable species of selenium in oxygenated seawater, since
the Se (IV) to Se (VI) ratio at equilibrium should be
- 11.510 ’ , and both Se (-II) and Se (0) should also be
undetectable. However, the existence of both Se (IV) and Se 
(VI) have been reported. The concentration of Se (IV) in 
seawater ranges from undetectable to 0.7 nM, while the 
concentration of total selenium in seawater ranges from 0.3 
nM to 2.5 nM (Sugimura et al., 1976, Cutter, 1978, Measures 
and Burton, 1980a, Measures et al., 1980 and Uchida et al.,
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
44
1980), The concentrations of total selenium and Se (IV) in 
estuarine waters ranged from 0.2 nM to 4.5 nM and from 
undetectable to 0.3 nM, respectively (Kharkar et. al.. , 1968, 
Measures and Burton, 1978 and Uchida, 1980) .
Kharkar et al. (1968) studied the interactions between 
dissolved selenium and particulate phases in the laboratory. 
They reported that at a selenium concentration similar to 
that in river water, more than 80 % of dissolved selenium 
could be removed by adsorption onto ferric oxide and 
manganese dioxide in distilled water. The selenium that was 
adsorbed onto montmorillonite, kaolinite, manganese dioxide 
and peat could be desorbed when the solid phases were 
exposed to seawater. If these processes occur in an 
estuary, a production of selenium may be observed during 
esturine mixing. However, Measures and Burton (1978) 
reported that both total selenium and Se (IV) in the River 
Test were conservative at salinities between 7 o/oo and 34 
o/oo. In this chapter, the speciation of selenium in the 
James River and southern Chesapeake Bay will be discussed.
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3.2. Materials and Methods
3.2.1. Study area
Chesapeake Bay is one of the largest estuaries in the
United States. It extends in a north - south direction for
about 290 km (Newcomb et al., 1939) and its drainage basin
is about 166,200 k m 2 (Pelczar, 1972). It has a number of
tributaries. The James River is the third largest river
which drains into Chesapeake Bay and it contributes 16 % of
the annual fresh water input (Pritchard, 1952). It is
classified as a coastal plain estuary. The tidal portion of
the James River extends for 168 km from its mouth at Hampton
Roads to Richmond, Virginia. The volume of water in the
tidal portion of the James is approximately 2.36 x 
9 310 m (Cronin and Pritchard, 1975), and an average
discharge measured at Richmond is approximately 240 m 3/sec 
(US Geological Survey, 1973). A rough estimate of the
residence time of water excluding tidal flushing would be 
114 days. The James River has a number of tributaries. The 
Chickahominy, Warwick, Nansemond and Elizabeth Rivers are 
the major ones within the study area. However, they have 
comparatively low discharge rates (Feuillet and Fleischer, 
1980). Thirty sampling stations were occupied in the James 
River, southern Chesapeake Bay and Atlantic Ocean off Cape 
Henry (Fig. 3.1). Station 1 is approximately 50 km
downstream from Richmond.



















2510 20  30  40
30
77° 76° W
Fig. 3.1. Sampling stations in the James River and Southern Chesapeake Bay;
A: Atlantic Ocean, C: Chickahominy River, CB: Chesapeake Bay,
E: Elizabeth River, HR: Hampton Roads, N: Nansemond River, R: 
Richmond, and W: Warwick River.
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3.2.2. Sampling and analytical methods
Samples were collected during two cruises: on December
8, 1981 for stations 1 through 23 and on February 4, 1982
for stations 24 through 30. At each station, surface water 
was collected with a polyethylene bucket and immediately
filtered through Gelman A/E glass fiber filters. The
samples were stored in polyethylene bottles, kept in ice, 
and returned to the laboratory on the same day. In the 
laboratory, they were stored at about 4°C and analyzed 
within a week after the collection (Cheam and Agemian,
1980). The samples were analyzed for total selenium and Se 
(IV) as described in Chapter 2. Briefly, total selenium was 
preconcentrated by coprecipitation with tellurium. Se (IV) 
was preconcentrated by compexing it with ammonium
1-pyrrolidinedithiocarbamate, extracting the complex into 
chloroform and back extracting the selenium into nitric 
acid. The preconcentrated selenium was determined 
fluorometrically. The salinities were determined with a 
Guildline Instruments Model 8400 salinometer.
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
48
3.3. Results and Discussion
The concentration of total selenium decreased with 
increasing salinity, ranging from 1.908 nM at 0.06 o/oo to 
0.276 nM at 31.78 o/oo (Fig. 3.2). The concentrations at 
high salinities are similar to those observed in the surface 
waters of the Atlantic Ocean (Measures and Burton, 1980a). 
Total selenium correlates linearly with salinity with a 
correlation coefficient of 0.98 between 31.78 o/oo and 0.36 
o/oo, implying that total selenium is conservative within 
this range of salinities. The concentration of total 
selenium at 0.06 o/oo, 1.908 nM, lies significantly above 
this theoretical dilution line. Since only one data point 
is involved, the interpretation is somewhat tentative. This 
sample has been analyzed repeatedly and the same result was 
obtained. We have no reason to suspect that the composition 
had been modified during sampling or storage. There are two 
possible reasons for this anomaly. Total selenium may have 
been removed in the waters at salinities below 0.06 o/oo. 
Iron and humic substances have been reported to be removed 
by flocculation at low salinities (< 1 o/oo) (Sholkovitz et 
al., 1978 and Sholkovitz and Copland, 1981). Since some of
the dissolved selenium may exist in the colloidal form in 
natural waters (Sigleo and Helz, 1981), flocculation induced 
by salinity changes may remove selenium as well. 
Alternatively, the elevated concentrtion at 0.06 o/oo may be 
caused by the natural variability of the concentration of


















Fig. 3.2. Total selenium against salinity in the
surface waters collected in December (®) 
and February (A) . Uncertainty of an indi­
vidual point is ± 0.02 nM. The linear 
regression line for the data points with 
salinities about 0.06 o/oo is also shown.
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total selenium in the riverine endmember. Anomalously high 
concentrations of dissolved organic carbon and ammonia have 
also been observed at this station (unpublished results).
The concentration of Se (IV) also decreased with 
increasing salinity with a range of 1.723 to 0.123 nM (Fig.
3.3). The concentration of Se (IV) correlates linearly with 
salinity at salinities above 4 o/oo with a correlation 
coefficient of 0.93. Below this salinity, all the data 
points lie above this dilution line. This suggests that Se 
(IV) is non-conservative during estuarine mixing and may be 
removed primarily in the waters at salinities below 4 o/oo. 
The intercept of this dilution line is 0.878 nM. By using 
the method of Boyle et al. (1974), the amount of Se (IV) 
removed can be estimated. Since the observed concentration 
of Se (IV) in the riverine endmember is 1.721 nM, 0.843 nM 
of Se (IV), or about 50 % of the riverine input, has been 
removed in the waters at salinities below 4 o/oo. There are 
several possible mechanisms for the removal of Se (IV) 
during estuarine mixing: conversion to a particulate form
by processes such as biological uptake and adsorption onto 
suspended particles, or conversion to another dissolved form 
via processes such as the oxidation to Se (VI). Although 
the specific biochemical role of selenium is not well 
understood, it is recognized as an essential trace element 
for the healthy growth of organisms (Frost and Lish, 1975, 
Thomson and Robinson, 1980 and Mertz, 1981). Accumulation 
of selenium by zooplankton and marine invertebrates have




















Fig. 3.3. Se(IV) against salinity in the surface 
waters collected in December (@) and 
February (A). Uncertainty of an individual 
point is ± 0.02 nM. The linear regression 
line for the data points with salinities 
above 4 0/00 is also shown.
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been reported (Fowler and Benayoun, 1976a and b and Wrench, 
1979), and Se (IV) was preferentially consumed by the 
mussel, Mytilus galloprovincialis (Fowler and Benayoun, 
1976c). Wrench (1978) reported that marine phytoplankton, 
Tetroselmis tetrathele and Dunaliella minuta, were capable 
of taking up Se (IV) in culture media. He also suggested 
that selenium was assimilated as seleno-analog of the sulfur 
amino acids. Sandholm et al. (1973), however, reported 
that the uptake of Se (IV) by green algae, Scenedesmus 
dimorphus, was negligible in 60 minutes. If Se (IV) is 
actively consumed by organisms, biological uptake may be one 
of the possible removal mechanisms during estuarine mixing. 
Since Se (IV) is known to be easily adsorbed onto ferric 
hydroxide (Geering et al., 1968), a major carrier phase in 
estuaries, adsorption onto suspended particles is also a 
plausible removal mechanism. However, since total dissolved 
selenium is approximately conservative between 31.78 o/oo 
and 0.36 o/oo, the conversion of Se (IV) to a particulate 
form is unlikely at least within this range of salinities.
The concentration of Se (VI) may be estimated as the 
difference between the concentrations of total selenium and 
Se (IV). Since total selenium is conservative while Se (IV) 
is removed in the waters at salinities above 0.36 o/oo, this 
model will indicate that Se (VI) is produced during 
estuarine mixing by the oxidation of Se (IV) to Se (VI). 
Indeed, most data points lie above the theoretical dilution 
line connecting the riverine and oceanic endmembers (Fig.
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3.4). Rosenfeld and Beat'n (1964) reported that the rate of 
transformation between Se (IV) and Se (VI) is slow in pure 
inorganic systems. However, in the natural water system, 
organisms may be able to increase the rates of oxidative 
reactions significantly. Morris et al. (1978) suggested 
that in the low salinity regions of the Tamar Estuary, 
oxygen utilizing bacteria could be responsible for the 
oxidation of organic matter and other reduced species such 
as Fe (II) and Mn (II). Emerson £t al. (1982) also 
observed the bacterial catalyzed oxidation of Mn (II) in the 
waters of Saanich Inlet.
Se (IV) is the predominant species of selenium in river 
waters. With increasing salinity, the concentration ratio 
of Se (IV) to Se (VI) decreases from 15 at 0.36 o/oo to 
around 0.9 at 31.78 o/oo (Fig. 3.5). The decrease was most 
dramatic at salinities below 10 o/oo. At salinities above 
10 o/oo, the ratio was rather constant. However, even in 
the oceanic endmember, the ratio is still much higher than 
the value predicted by thermodynamic equilibrium, and it is 
only slightly higher than the values reported for open ocean 
seawaters, which range from 0 to 0.7 (Measures and Burton, 
1980a and Measures et a l ., 1980).
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Fig. 3.4. Se(VI) against salinity in the surface 
waters collected in December (©) and 
February (A) . Uncertainty of an indi­
vidual point is ± 0.04 nM.





















. , i . , , . ' i
10 20 30 
SALINITY (o/oo)
Fig. 3.5. The concentration ratio of Se(IV) to
Se(VI) against salinity in the surface 
waters collected in December (•) and 
February (&).
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3.4. Conclusions
Se (IV), a thermodynamically unstable species, was the 
dominant dissolved inorganic species of selenium in the 
James River. Total selenium was conservative at salinities 
above 0.36 o/oo. However, about 50 % of the Se (IV), was 
removed during estuarine mixing at salinities below 4 o/oo 
possibly as a result of the oxidation of Se (IV) to Se (VI).
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Chapter 4
EFFECTS OF NITRATE REDUCTASE ACTIVITY 
ON THE SPECIATION OF SELENIUM
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4.1. Introduction
A number of theoretical and experimental studies 
concerning the equilibrium speciation of elements in naural 
waters have been made (Dyrssen and Wedborg, 1980, Turner et 
al., 1981 and references cited therein). The natural water
system, in general, refers to an actual system of some
complexity, consisting of an aquatic phase, one or more 
mineral phases, and most often, a gaseous phase as well
(Morgan, 1967). However, the real natural water system 
contains organisms which can alter the speciation of
elements predicted by theoretical and limited experimental
studies. Therefore, in order to gain a better understanding 
of the speciation of elements in the real natural water 
system, the effects of biological activity on chemical 
equilibria need to be known.
This study is concerned with redox reactions influenced 
by aquatic organisms. Some aquatic organisms can reduce 
arsenate [As (V)], the thermodynamically stable species in 
oxygenated natural water, to arsenite [As (III)] as shown in 
marine algae (Sanders and Windom, 1980), marine bacteria 
(Johnson, 1972), phytoplankton (Sanders and Windom, 1980) 
and coral (Pilson, 1973). Marine bacteria are also known to 
be able to reduce iodate, the themodynamically stable 
species in oxygenated natural waters, to iodide (Tsunogai 
and Sase, 1969). Tsunogai and Sase (1969) reported that 
nitrate reductase (NR) produced by the bacteria, Escherichia
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coli, could reduce iodate to iodide.
In this study, it will be determined if nitrate 
reductase can reduce Se (VI) to Se (IV) in natural waters. 
Dunaliella tertiolecta, a common phytoplankton in estuarine 
waters, was used in order to make NR activity assays, since 
D. tertiolecta has been extensively studied (Mukerji, et 
a l ., 1978, Berland et al̂ . , 1979, Goldman and Peavey, 1979,
Goldman et al., 1979, Jones and Galloway, 1979, Nunes and 
Benville, 1979, Payne ad Hall, 1979, Picer et a_l. , 1979 and 
Wrench and Anderson, 1981), and has also been used for a 
thorough study on the determination of NR activity (Eppley 
et al., 1969).
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
60
4.2. Theoretical Considerations
As discussed in Chapter 1, Se (VI) is the only 
detectable species of selenium in oxygenated natural waters. 
However, Se (IV) may theoretically exist in oxygenated 
natural waters, if aquatic organisms can produce a localized 
center of low redox potential in natural waters by using 
enzymatic activity such as nitrate reductase. The extremely 
low redox potential may be produced by the enzyme nitrate 
reductase and the coenzyme NADH or NADPH , which has a 
standard potential of -0,32 V at pH 7 (Tsunogai and Sase, 
1969). Since the reduction of nitrate to nitrite, standard 
potential 0.46 V at pH 7, is done by this enzymatic system, 
the reduction of Se (VI) to Se (IV), standard potential 0.42 
V at pH 7, is thermodynamically possible. Nitrate reductase 
is known to be present in phytoplakton and marine bacteria 
(Epply et al. , 1969 and Packard et ajL., 1971). Therefore,
these aquatic organisms can potentially be the agent for 
reducing Se (VI) to Se (IV) in natural waters.
Some of the equilibrium constants of redox reactions at 
25°C are presented in Table 4.1. Any system in Table 4.1. 
tends to reduce equimolar concentrations of any other system 
having a higher log K ‘ value. For example, H 2S(g) can 
reduce N 0 2 to N 0 2. From Table 4.1, it is clear that from a 
thermodynamic point of view, NADH is able to reduce 10“ to 
I~, Se (VI) to Se (IV) and As (V) to As (III) as well as 
NO^ to NOj. An electron free-energy diagram is illustrated
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in Fig. 4.1, which is another way to show how much energy 
is needed to initiate each redox reaction. In this diagram, 
as the value of pE increases, the reduction of each system 
is thermodynamically easier. For example, the reduction of 
Cl2 (g) to Cl is the easiest and the reduction of C02 (g) 
to glucose is the most difficult in this diagram.

















Table 4.1. Equilibrium constants for selected redox reactions at 25°C.
Reaction log K log K'* Eh (V) pE
1/2 Cl2(g) + e" = Cl- 23.0 — 1.36 23.0
1/6 ClOj + H+ + e- = 1/6 Cl” + 1/2 H2o 24.53 17.53 1.04 17.58
1/4 02(g) + H+ + e“ = 1/2 H20 20.75 13.75 0.81 13.69
Fe3+ + e“ = Fe2+ 13.2 — 0.78 13.19
1/6 10” + H+ + e” = 1/6 1“ + 1/2 H20 18.35 11.35 0.67 11.32
1/2 SeO2- + H+ + e“ = 1/2 SeO2" + 1/2 H.,0 14.85 7.85 0.46 7.78
1/2 SeO^” + 3/2 H+ + e“ = 1/2 HSeO” + 1/2 H20 18.15 7.65 0.45 7.61
1/2 NO3 + H+ + e- = 1/2 NO- + 1/2 H20 14.15 7.15 0.42 7.10
Cu2+ + e” * Cu+ 2.7 — 0.16 2.71
1/2 HAsO^" + 2H+ + e“ = 1/2 HAsC>2 + 15.45 1.45 0.09 1.52
1/8 so2" + 5/4 H+ + e“ = 1/8 H2S(g) + 1/2 H20 5.75 -3.50 -0.21 -3.55
1/2(NADP+) + 1/2 H+ + e" = 1/2(NADPH) -2.0 -5.5 -0.33 -5.58
H+ + e” + 1/2 H2(g) 0.0 -7.0 -0.41 -7.00
1/4 C02(g) + H+ + e” = 1/24(Glucose) + 1/4 H20 -0.20 -7.20 -0.43 -7.27
♦Log K' is the equilibrium constant for the redox reaction in natural water, pH = 7.0 at 25°C, and 
mathematically expressed as log K' = log K + nH/2 log Kw, where nH is the number of moles of protons 
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Fig. 4.1. Electron free energy level at 25°C and pH 7.




Culture. Cultures of Dunaliella tertiolecta, 
Skeletonema . costatum and Isochrysis sp. were grown in 2 1 
erlenmeyer flasks under fluorescence light at 20 ± 2°C. The 
culture media consisted of estuarine water with a salinity 
of approximately 23 o/oo, which was filtered through a 
Gelman A/E glass fiber filter, enriched with Guillards' f/2 
media (Guillard and Ryther, 1962) and autoclaved.
Enzyme extraction. Enzyme extracts were made for the 
determination of NR activity (Epply et ajL. , 1969) and for 
the studies of the speciation of selenium. The culture was 
filtered through a Gelman A/E glass fiber filter, and the 
filter was ground immediately at 4°C in a mixture of 1 ml of 
10,000 ppm polyvinylpyrrolidone and 2 ml of 250 ppm 
dithiothreitol for 2 minutes with an electrically driven 
Teflon-glass tissue homogenizer. The suspension of 
homogenized cells and the filter were then centrifuged for 
10 minutes at 2500 rpm. One ml of the clear supernatant was 
used for an enzyme assay. Both reagents used were made in 
pH 8 phosphate buffer, which was made from potassium 
hydrogen phosphate (K2HP04 ) and phosphoric acid.
Nitrate reductase activity. NR activity was determined 
by the method of Epply et al̂ . (1969) and was expressed as 
the amount of nitrite produced from added nitrate during the 
incubation period. NR activity was assayed by adding 0.5 ml
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of 480 jjM NADH solution, 0.3 ml of 367 pM MgS04 solution and 
0.2 ml of 40 mM KN03 solution to a 1 ml of enzyme extract 
and incubating for 45 minutes at room temperature in the 
dark. The reaction was stopped by adding 5 ml of cold 
ethanol and 0.2 ml of 1 M zinc acetate solution (Medina and 
Nicholas, 1957). The reaction mixture was then centrifuged 
for 15 minutes at 2500 rpm, and the supernatant was used for 
the determination of nitrite. Nitrite was reacted with 1 ml 
of sulfanilamide solution and 1 ml of
N-(l-naphthyl)-ethylenediamine hydrochloride solution and 
the absorbance of the reaction mixture was measured at 543 
nm (Strickland and Parsons, 1972). Controls containing 0.5 
ml of phsophate buffer instead of NADH solution were run as 
a blank through an identical procedure. Appropriate 
standard nitrite solutions were prepared in the same way.
Determination of selenium in the enzyme assay. Enzyme 
assays for selenium were made by adding 0.5 ml of 480 pM 
NADH solution, 0.3 ml of 367 pM MgS04 solution and 0.2 ml of 
various concentrations of Se (VI) solution and incubating 
for 45 minutes at room temperature in the dark. The 
reaction was stopped by adding 0.2 ml of 1 M zinc acetate 
and 5 ml of cold de-ionized water. The reaction mixtures 
were centrifuged for 15 minutes at 2500 rpm and the 
supernatants were analyzed for Se (IV) and total selenium. 
Controls containing 0.5 ml of phosphate buffer instead of 
NADH solution were run as a blank through an identical 
procedure.
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Batch experiment. Dunaliella tertiolecta was cultured 
in 1 liter of f/2 or f/20 media containing various amounts 
of Se (VI). Se (IV) and total selenium in the culture two 
weeks after the inoculation were determined by the methods 
described in Chapter 2. Particulate selenium was also 
determined. Following filteration of the cultures, the 
particulate on the filter was dissolved in a mixture of 10 
ml concentrated nitric acid and 3 ml of 70 % perchloric 
acid. NR activity was also determined.
4.3.2. Field studies
From January, 1982 to July, 1982, surface waters were 
collected periodically from the mouth of the Chesapeake Bay 
(Fig. 4.2) and were analyzed for NR activity, chlorophyll 
a, total selenium and Se (IV). Surface waters were 
collected by polyethylene bucket and stored in 10 liter 
polyethylene containers. The samples were immediately 
return to the laboratory, usually within a few fours.
For the determination of NR activity, 4 liters of 
sample were filtered through 47 mm diameter Gelman A/E glass 
fiber filters. The enzyme was extracted from the filters 
and NR activity was determined on the same day. The 
filtered samples were stored in polyethylene bottles and 
kept refrigerated until analysis for Se (IV) and total 
selenium. For the chlorophyll a determination, 25 ml of




Fig. 4.2. The mouth of the Chesapeake Bay.
(Sampling site is indicated by X.)
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sample was filtered through a 25 mm diameter Gelman A/E 
glass fiber filter and the filter was kept frozen until 
analysis. The samples were analyzed fluorometrically for 90 
% aceton extracted chlorophyll a (Strickland and Parsons, 
1972), Se (IV) and total selenium within a week after the 
collection of samples.
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4.4. Results
The results of enzyme assay experiments are presented 
in Table 4.2. NR activities per cell of D. tertiolecta are 
similar to those reported previously for cultured 
phytoplankton (Collos and Lewis, 1974). However, no 
significant amount of Se (IV) produced was observed. 
Initial dosage of Se (VI) was varied from 8 pM to 4 mM for 
D. tertiolecta. In all cases, Se (IV) produced was less 
than 0.5 % of the initial amount of Se (VI).
The results of batch experiments are presented in Table 
4.3. When 2 nM of Se (VI) was added, 2.180 nM and 2.056 nM 
of selenium (dissolved and particulate) were recovered for 
D. tertiolecta and Isochrysis s p ., respectively. Within 
analytical uncertainty of selenium determination, this is 
considered to be quantitative recovery. This implies that 
no volatile selenium was produced during the two weeks of 
growth. However, when 1 mM of Se (VI) was added, only 92.7 
% of selenium was recovered in the culture. This may imply 
that D. tertiolecta produced volatile selenium and some of 
the selenium was lost from the culture.
When the organisms were cultured in the f/2 media with 
2 nM of Se (VI), 2 % and 4 % of the initial amount of
selenium was converted to Se (IV) by D. tertiolecta and 
Isochrysis sp., respectively. These organisms also seemed 
to be capable of accumulating selenium since 6 % and 5 % of 
the initial amount of selenium was converted to particulate

















Table 4.2. The results of enzyme assay experiments.
Se(VI) Se (IV) NR-activity Cell Numbers NR-activity/
Sample Phytoplankton Added Produced (pmole NO^/hr/l) (cells/1) Cell
1 D. tertiolecta 4 mM < 5 iiM 669 1.80 x 109 3.72 x 10-7
2 D. tertiolecta 1 mM < 5 PM 462 1.46 x 109 3.16 x 10-7
3 D. tertiolecta 8 yM <25.6 nM 456 ND* —
































D. tertiolecta f/2 2.000 2.180 0.042 (1.9%) 0.131 (6.0%) 2.007 (92.1%)
D. tertiolecta f/20 1000 927 <5.0 <5.0 927
Isochrysis f/2 2.000 2.056 0.084 (4.1%) 0.105 (5.1%) 1.867 (90.8%)
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selenium by tertiolacta and Isochrysis sp.,
respectively.
Particulate selenium is, by definition, any form of 
selenium which does not pass through a 0.3 pm Gelman A/E 
glass fiber flter, including selenium in the organisms and 
in the particles generated by the organisms. However, when 
D. tertiolecta was cultured in the f/20 media with 1 mM of 
Se (VI), no significant amount of Se (IV) nor particulate 
selenium was produced. Since the detection limit of 
selenium determination in this particular analysis was about 
5 pM, the production of Se (IV) and particulate selenium 
were less than 0.5 % of the initial amount of selenium, if a 
production was indeed occurring.
The growth of D, tertiolecta in the f/20 media was 
followed by cell counting of the control and Se (VI) spiked 
cultures two weeks after the inoculation. The cell counts 
were 4.2 x 108 cells/l, with selenium, and 5.25 x 
1 08 cells/l, control (Table 4.4). D. tertiolecta was able 
to grow in the f/20 media with a 10 times higher 
concentration of Se (VI) than natural level.
Both Se (IV) and Se (VI) were found in all the samples 
collected at the mouth of the Chesapeake Bay, and 
chloroform-extractable selenium was also found in samples 5 
through 11 (Table 4.5). Since thermodynamic calculations 
predict the concentration ratio of Se (IV) to Se (VI) to be 
10-11,5, a disequilibrium with respect to the selenium 
system exists at this sampling site. The concentration
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Table 4.4. Cell counts of D. tertiolecta in f/20.
Cell Numbers
(cells/l)
With Se(VI) 4.20 x 108
Without Se(VI) 5.25 x 108
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Or g a n i c S e ( V I )
1 1/22/82 0.181 24.3 n d <4) — 0.515 0.304 0.211 ND 1.44
2 2/04/82 0.127 24.8 24.4 5.20 X M o 1 1
0 0.482 0.204 0.278 ND 0.73
3 2/23/82 0.195 20.6 24.5 7.96 X 10-9 0.582 0.321 0.251 ND 1.32
4 3/08/82 0.536 19.4 12.0 44.60 X 10-9 0.531 0.382 0.149 ND 2.56
5 3/23/82 0.107 17.6 16.0 6.69 X IQ"9 0.508 0.149 0.333 0.026 0.45
6 4/09/82 0.715 19.7 55.7 12.84 X 10-9 1.053 0.530 0.464 0.059 1.14
7 4/29/82 0.060 21.5 13.1 4.59 X 10-9 0.490 0.132 0.311 0.047 0.42
8 5/19/82 0.109 18.5 12.5 8.75 X
o*>1OH 0.356 0.123 0.233 0.020 0.53
9 6/03/82 <0.016 21.9 ND — 0.409 0.175 0.181 0.053 0.97
10 6/18/82 1.621 17.78 20.6 78.8 X io-9 0.676 0.280 0.335 0.061 0.84
11 7/08/82 ND 20.24 ND — 0.532 0.213 0.226 0.093 0.94
^NR-activity in nmole NO, produced/hr/1.
(2)Specific NR-activity in mole N02 produced/pg of Chi a/hr. 
Chloroform extractable organic selenium.(4)Not determined.
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ratio of Se (IV) to Se (VI) ranged from 0.45 to 1.44. 
Temporal variations of selenium and NR activity are shown in 
Fig. 4.3 and Fig. 4.4, respectively. High NR activities 
are shown to correlate with high Se (IV) concentrations in 
the March 8, April 9 and June 18 samples.
NR activity was normalized against the concentration of 
chlorophyll a and will be designated specific NR activity in
this text. Specific NR activities ranged from 4.59 x
-9 -9 -10 to 78.8 x 10 N0 2 produced per pg of chlorophyll a,
and these values were similar to those previously published
values (Holmes et al., 1966).
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Fig. 4.3. Temporal changes of selenium at the mouth
of the Chesapeake Bay from January to July, 
1982.
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Fig. 4.4. Temporal changes of NR activity at the
mouth of the Chesapeake Bay from January 
to July, 1982.
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4.5. Discussion
The rate of the production of Se (IV) by nitrate 
reductase may be dependent on the initial concentration of 
Se (VI). According to the Michaelis-Menten equation, the 
rate of enzyme catalyzed reactions can be written:
v = Vmax [s] / (Km + [s]) (4.1)
where, v is the rate of the reaction, Vmax is the maximum 
rate of the reaction, [s] is the concentration of substrate, 
and Km is the half-saturation constant. In the special case 
when v= 1/2 Vmax, equation (4.1) can be rewritten:
1/2 = [s] / (Km + [s]) (4.2)
The half-saturation constant for nitrate reductase 
determined from natural assemblage of phytoplankton ranges 
from 42 to 201 pM with the average of 82 pM (Packard, 1979), 
and the maximum N03 reduction rate (Vmax) determined from 
cultured phytoplankton can reach 0.825 hr-1 (Packard, 1979).
If the half-saturation constant for nitrate reductase 
is assumed to be the same for the reduction of Se (VI) to Se 
(IV), 82 pM of Se (VI) is kinetically enough to observe the 
production of Se (IV) from Se (VI). Although samples 1 and 
2 (Table 4.2) had high enough concentrations of Se (VI), the 
nitrate reductase extracted from D. tertiolecta was not
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capable of reducing Se (VI) to Se (IV). All the experiments 
were optimized for NR activity determination. However, this 
does not necessarily mean that this experimental condition 
is optimal for the reduction of Se (VI) to Se (IV). The
experimental parameters such as pH, the concentrations of 
MgS04 and NADH may need to be optimized for the reduction of 
Se (VI).
The field studies also failed to demonstrate
definitively that nitrate reductase could reduce Se (VI) to 
Se (IV). If Se (VI) had been reduced to Se (IV) by nitrate 
reductase in natural waters, the concentration of Se (VI) 
should have decreased and the concentration ratio of Se (IV) 
to Se (VI) should have increased when the high concentration 
_ of Se (IV) and high NR activity was observed. However, the 
high concentration of Se (VI) was also observed in the April 
9 and June 18 samples. Furthermore, no obvious relation was 
found between NR activity and the concentration ratio of Se 
(IV) to Se (VI). The above arguments are valid, if a 
smapling site is a physically stable area. However, the 
mouth of the Chesapeake Bay is not a stable area, as 
seawater and brackish water mix in different degrees as 
indicated by salinity changes during the sampling period. 
As discussed in Chapter 3, the concentrations of Se (IV) and 
Se (IV) are also dependent on salinity. Therefore, the
mixing of waters may mask any correlation between NR 
activity and the concentration ratio, if it actually exists.
Biological activity, possibly other enzyme activities,
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may still have an effect on the speciation of selenium, 
since two of the batch experiments indicated the production 
of Se (IV) in the culture media (Table 4.2). Sulfate 
reducing enzymatic systems may be capable of reducing Se 
(VI) to Se (IV), since both sulfur and selenium are group VI 
elements and are chemically similar.
Enzymatic systems participating in the synthesis of 
amino acids and/or proteins may also play an important role 
in the speciation of selenium in natural waters. The 
existance of seleno-analogs of sulfur amino acids and 
proteins have been reported (McConnell and Roth, 1966, 
Schroeder et al. , 1970, Lewis, 1965 and Wrench, 1978). If 
selenium containing proteins are excreted from organisms to 
natural waters, the selenium may be partially oxidized to Se 
(IV) upon decomposition of the protein. (The oxidation 
state of selenium incorporated in amino acids and proteins 
is presumably 0 or -2.) This process may be a source of Se 
(IV) in natural waters.
Selenium in concentrations of 4 ppm or more in the diet 
is toxic to terrestial animals (Lakin, 1973), and no 
significant difference was observed between Se (IV) and Se 
(VI) on the toxicity to organisms (Browning, 1961, Schroeder 
et a l ., 1970, Fishbein, 1977 and references cited therein). 
However, studies on the tolerance limit of selenium to 
phytoplankton have never been published. This experiment 
indicated that in the f/20 media with 1 pM (78.9 pg/l) of Se 
(VI), tetiolecta was able to grow with no significant
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difference from a control grown in the f/20 media without 
selenium. However, it is not possible to predict that 
phytoplankton can survive in natural waters with the 
concentration of selenium up to 1 mM, because only one 
species of phytoplankton was tested and the organisms were 
grown in a nutrient enriched media. Furthermore, Se (IV) 
and Se (VI) may have different toxicities to phytoplankton 
so that one should exert caution in discussing the toxicity 
of selenium. In general, chemical species with higher 
oxidation states are more toxic to aquatic organisms than 
those of lower oxidation states (Kaiser, 1980).
During the course of the experiments, Se (VI) standards 
were found to be contaminated with Se (IV). Sodium selenate 
(Alfa Products) was used for Se (VI) standards and up to 0.5 
% of Se (VI) was contaminated with Se (IV). Therefore, if 
the Se (IV) found in all the enzyme assays and batch 
experiments is less than 0.5 % of the initial amount of Se 
(VI), the production of Se (IV) from Se (VI) can be 
considered negligible. If the small production of Se (IV) 
from Se (VI) is to be determined, Se (VI) standards must be 
purified or pure Se (VI) standards must be purchased.
Se (VI) standards can be purified by adding APDC and 
extracting the APDC - Se (IV) complexe into chloroform (see 
Chapter 2). However, an excess amount of APDC is necessary 
for Se (IV) complexation and this excess cannot be fully 
recovered into chloroform. Thus, if this process is used 
for the purification of Se (VI) standards, the Se (VI)
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standards contain APDC which may cause undesirable effects 
on the optimal growth of organisms and the proper 
functioning of nitrate reductase. APDC is a strong 
complexing agent for metals and competes with EDTA added in 
the culture as a chelating site for metals. This may change 
the availability of trace metals as nutrients to organisms. 
Therefore, direct and indirect effects of APDC on the 
biological activity need to be examined before APDC
containing Se (VI) standards are used for this type of 
experiment.
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4.6. Conclusions
(1) Nitrate reductase extracted from D. tertiolecta was 
not capable of reducing Se (VI) to Se (IV).
(2) No correlation was found between specific NR 
activities and the concentration ratios of Se (IV) to Se 
(VI) in the samples taken from the mouth of the Chesapeake 
Bay for the period of six months.
(3) D. tertiolecta can grow in f/20 media with 1 mM of Se 
(VI) (10 times higher concentration than natural level).
(4) The selenium system was in disequilibrium in the 
waters at the mouth of the Chesapeake Bay.
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Chapter 5
ORGANIC AND COLLOIDAL SELENIUM IN NATURAL WATERS
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5.1. Introduction
The chemical speciation of an element in natural waters 
is a description of the physico-chemical forms or species of 
that element which together make up its total concentration 
in a sample (Florence, 1982). These species may include 
free ions, ion pairs, organic and inorganic complexes, 
colloids and particles (Stumm and Brauner, 1975). 
Initially, marine chemists determined the total elemental 
composition alone. However, it is now well recognized that 
studies on the speciation of an element are essential to the 
understanding of its geochemical cycle and biological 
interactions in the marine environment (Stumm and Brauner, 
1975, Bately and Florence, 1976, Dyrssen and Wedborg, 1980 
and Florence, 1982). Most investigations have focused on 
the inorganic speciation which can be predicted from readily 
available thermodynamic data (Sillen, 1961, Millero, 1975 
and Turner et al_. , 1981), although dissolved organic
compounds such as humic and fulvic acids have been 
demonstrated to affect the speciation of some metals (Gamble 
and Shnitzer, 1973, Lerman and Childs, 1973 and Mantoura et 
al., 1978). Colloidal material, which has a size range of 1 
nm to 1 pm (Void and void, 1966), has also been found in 
seawater (Sharp, 1973 and Ogura, 1974). Some colloids are 
operationally defined to be dissolved material because they 
pass through a 0.45 pm filter. Natural colloidal material, 
having a high surface area to volume ratio, may contain
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metal oxides or hydrous oxides and organic molecules which 
can enhance the adsorption capability of the colloidal 
material (Davis and Lackie, 1978). Natural colloidal 
material interacts extensively with other constituents in 
natural waters (Zsolnay, 1979 and Sigleo et al., 1982). It 
may act as an intermediate between truly dissolved and 
particulate matter (Zsolnay, 1979), and play an important 
role in the biogeochemical cycle of elements in the marine 
environment such as iron. (Boyle et al., 1977 and
Sholkovitz et al., 1978).
Selenium is one of the elements that may exist in 
organic and/or colloidal form. Although the specific 
biochemical function of selenium in marine organisms is not 
well understood, some marine phytoplankton are capable of 
incorporating selenium to form selenium amino acids (Wrench, 
1978). If the selenium amino acids are excreted by 
phytoplankton, selenium can exist as an organic form in 
natural waters. Cutter (1982) found selenium in dissolved 
amino acids collected from the waters of the Saanich Inlet. 
Since Se (IV) is known to be easily adsorbed on ferric 
oxides (Geering et a l ., 1968) which may exist as the
colloidal form (Boyle et al., 1977, Sholkovitz et al., 1978 
and Moore et al. # 1979), selenium may also exist as a
colloidal form. The concentrations of organic and colloidal 
selenium in seawater and estuarine waters were determined. 
The results are presented in this chapter.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
87
5.2. Experimental
Water samples were collected from the James River, the 
mouth of the Chesapeake Bay and the Atlantic Ocean 20 km 
east of Cape Henry, VA. The samples were filtered through 
pre-combusted Gelman A/E glass fiber filters immediatly 
after collection. Subsamples of the filtrates were further 
filtered through AMICON DIAFLO membranes UM 2, YM 5 and YM 
10 individualy. The nominal molecular weight (NMW) cutoff 
points of these ultrafiters are 1,000, 5,000 and 10,000, 
respectively. The nominal pore sizes of UM 2 and YM 10 
ultrafilters are approximately 1.2 nm and 1.5 nm.
One aliquot of each filtrate was oxidized by 
irradiation with ultraviolet (UV) light (1200 watt mercury 
lamp) for 5 hours in the presence of hydrogen peroxide. The 
concentration of total selenium in the filtrates with and 
without UV oxidation was determined fluorometrically by the 
method described in chapter 2. Briefly, total selenium was 
preconcentrated by coprecipitation with tellurium in the 
presence of hydrazine sulfate at an acidity of 2.8 M with 
respect to HC1. The precipitate was dissolved in the 
mixture of nitric and perchloric acids, and the selenium was 
complexed with 2,3-diaminonaphthalene. The complex was 
extracted into cyclohexane and the fluorescence intensity 
was measured at the excitation wavelength of 380 nm and the 
emission wavelength of 520 nm. The samples were processed 
and analyzed within 10 days of sample collection. The
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concentration of dissolved organic carbon (DOC) was also 
determined by the method of Menzel and Vaccaro (1964) 
utilizing an Oceanography International total carbon
analyzer.
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5.3. Results and Discussion
The concentrations of DOC, total selenium (with and 
without UV-oxidation) and organic selenium in the filtrates 
of river water, estuarine water and seawater which were 
passed through a glass fiber, YM 10, YM 5 and UM 2 filters 
are presented in Table 5.1. The concentation of DCC was the 
highest in river water and the lowest in seawater. The 
amount of DOC found in larger NMW size material decreased 
from river water to seawater, and the dominant fraction 
shifts progressively toward smaller NMW size material. This 
seaward decrease in the concentration of DOC with larger NMW 
material has also been observed in the coastal water off 
Georgia (Wheeler, 1976). It may be explained by the 
fluocculation and removal of larger NMW size organic matter 
during estuarine mixing (Sholkovitz, 1976).
The concentration of total selenium in seawater was 
similar to those observed in the surface waters of the 
Atlantic Ocean (Measures and Butrton, 1980). It was also 
identical in all of the filtrates. Although our total 
selenium is operationally defined, it is mostly inorganic 
selenium, so that the selenium released by UV-oxidation is 
considered to be organic selenium. Therefore, all of the 
inorganic selenium in seawater had a NMW of less than 1,000, 
and it is considered to be in true solution. However, in 
river and estuarine waters, the concentration decreased 
systematically with a decrease of the pore size of filters.

















Table 5.1. The concentrations of DOC, total selenium with and without UV-oxidation and organic selenium in the
fractions of river water, estuarine water and seawater.
DOC Total Selenium (nM) Inorganic Organic 
Selenium (nM)
Organic 
Colloidal (nM)Filter (mg/1) Without With Colloidal (nM)
River G/F1 5.02 ± 0.05 1.25 ± 0.02 2.07 ± 0.03 0.82 ± 0.05
water YM 10 3.29 (66)2 1.09 (88) 1.92 (93) 0.83 (101)
YM 5 2.95 (59) 0.86 (69) 1.52 (73) 0.67 (82)




Estuarine G/F 3.34 0.53 1.37 0.84
water YM 10 3.21 (96) 0.53 (100) 1.23 (90) 0.70 (83)
YM 5 ND3 — 0.45 (85) 0.98 (72) 0.53 (63)




Seawater G/F 1.89 0.63 1.48 0.85
UM 10 2.07 (100) 0.64 (102) 1.59 (107) 0.95 (112)
YM 5 1.79 (95) 0.65 (103) 1.44 (97) 0.79 (93)




Glass fiber filter 




Between these two samples, more selenium was found in larger 
NMW size material in river water, and selenium in the NMW
size larger than 10,000 was not detected in estuarine water.
Our results clearly indicate the existence of inorganic
colloidal selenium in river and estuarine waters. The 
concentrations of colloidal selenium, calculated as the 
difference in the concentrations of total selenium between 
the glass fiber and UM 2 filtrates, in river and estuarine 
waters are 0.96 and 0.21 nM, respectively.
In all the cases, the concentrations of total selenium 
with UV-oxidation were significantly higher than those 
without UV-oxidation. The concentrations of organic 
selenium, calculated as the difference between the 
concentrations of total selenium (with and without 
UV-oxidation), were about the same in all three samples of 
water. Organic selenium makes up approximately 60 % of the 
total dissolved selenium in the estuarine water and seawater 
and 40 % in the river water. This organic selenium may be 
of terrigenous origin, persisting in the oxidation or may be 
produced insitu by aquatic organisms as suggested by Cutter 
(1982). It may be stable in the marine environment. Cutter 
(1982) reported the existence of organic selenium in the 
oxygenated water of the Saanich Inlet as well as in the 
anoxic water. Organic selenium has also been detected in 
the surface waters of the western North Pacific (Suzuki et
al., 1980).
Little organic selenium was found in material with NMW
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above 10,000, and the concentration decreased systematically 
with a decrease in the pore size of filters. These results 
imply that organic selenium primarily associates with 
material having NMW below 10,000 and it also exists as a 
colloidal form. The relationships between organic selenium 
and DOC is shown in Fig. 5.1. Except in the fraction with 
NMW above 10,000, which contained little organic selenium, 
organic selenium was linearly related to DOC with a ratio of 
0.23 ± 0.02 nmole Se/mg DOC in river and estuarine waters
and 0.47 ± 0.03 nmole Se/mg DOC in seawater. Therefore, 
organic selenium is non-preferentially associated with DOM 
within the smaller NMW material. If selenium amino acids 
and/or peptides are the major components of organic 
selenium, these constant ratios can be explained by allowing 
the amino acids to polymerize to different extents to form 
selenium containing organic molecules. The lower ratio in 
river and estuarine waters may be due to the dilution with 
selenium poor DOM, such as fulvic and humic acids, or to a 
different source of organic selenium.
The concentration of colloidal selenium in estuarine 
waters reported by Sigleo and Helz (1981) ranged from 
undetectable to approximately 0.2 nM. Their colloidal 
material was operationally defined as that which passed 
through a 0.40 pM Nucleopore filter and yet retained on a UM 
2 filter. They found lower concentrations of colloidal 
selenium in organic poor colloids and high enrichment of 
selenium with respect to aluminum in the organic rich




















■ I i L J i I i
1 2  3 4 
D O C  Cmg/I)
Fig. 5.1. Relationship between DOC and organic
selenium; 0 : estuarine w a t e r , r i v e r  
water, and Q :  seawater.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
94
colloids. Although they were unable to distinguish 
inorganic from organic selenium, they suggested that 
selenium associats with oraganic matter and exists in a 
colloidal form. Our colloidal selenium values are, however, 
higher than theirs. The concentrations of both inorganic 
and organic colloids decreases from river water to seawater, 
and this decrease was especially prominent in inorganic 
colloidal selenium. These results suggest that organic 
colloidal selenium is more stable in the marine environment.
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5.4. Conclusions
Inorganic colloidal selenim was detected in river and 
estuarine waters, but not detected in seawater. It consists 
of 76 % and 40 % of dissolved inorganic selenium in river 
and estuarine waters, respectively. Organic selenium was 
detected in all three waters, and constituted a significant 
portion of total dissolved selenium in the waters. The 
concentration was similar in all three samples and 
therefore, seems to be stable in the marine environment. 
Organic selenium primarily associated with smaller NMW size 
material, and within the smaller NMW size material its 
concentration linearly correlated with that of DOC.
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A reliable analytical method for the determination of 
Se (IV) in natural waters was developed and the existing 
analytical method for total selenium was optimized. These 
methods were proven to be capable of analyzing Se (IV) and 
total selenium in river water, estuarine water and seawater. 
The method for total selenium was further utilized for the 
determination of organic selenium in natural waters. The 
vertical profies of Se (IV) and total selenium in Sargasso 
Sea (Fig. 2.4) are similar to those prviously reported for 
the surface waters of the Atlantic Ocean obtained by the gas 
chromatographic method (Measures and Burton, 1980b). Since 
the gas chromatographic method may not be used to determine 
organic selenium, my method may have advantage in the study 
on the speciation of selenium.
The composition of river waters is mainly controlled by 
the element content of soils, other surficial materials and 
bedrocks in the drainage basin. Although, to my knowledge, 
the concentration and speciation of selenium in the 
soil/rock - ground water system in the James River drainage 
basin has not been well documented, the distribution of Se 
(IV) in the James River and southern Chesapeake Bay suggests 
that Se (IV) is the major dissolved inorganic species of 
selenium in the river water and that the riverine input is 
major source of Se (IV) in this study area. Total selenium 
was conservative at salinities above 0.06 o/oo, while Se 
(IV) was removed during estuarine mixing at salinities below 
4 o/oo. Since dissolved total selnium is almost
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conservative in the study area, the transformation of 
inorganic colloidal selenium, which was found in the river 
and estuarine water samples but not detected in the seawater 
sample, to particulate matter during estuarine mixing should 
be negligible. This contrasts with the behavior of 
colloidal iron which is readily removed during estuarine 
mixing.
There have been no published data available on the 
lethal dose of selenium to phytoplankton. This study 
demonstrated that Dunaliella tertiolecta was able to grow in 
the f/20 media with 1 uM of Se (VI), about 103 times higher 
than natural level. Although both field and laboratory 
studies failed to demonstrate that nitrate reductase 
extracted from D. tertiolecta was able to reduce Se (VI) to 
Se (IV), the reduction of Se (VI) to Se (IV) by biological 
processes can not be ruled out yet. Since NADH is 
theoretically abled to reduce Se (VI) to Se (IV) (Fig.
4.1), it may be possible for other enzymes such as sulfate 
reducing enzyme with NADH to reduce Se (VI) to Se (IV).
Biological processes seem to have a more important 
effect on the oxidation rather than the reduction concerning 
the selenium system in natural waters. Se (VI) is produced 
during estuarine mixing at low salinity waters of the James 
River via the oxidation of Se (IV). Since the rate of 
transformation between Se (VI) to Se (IV) is known to be 
slow in a pure inorganic system (Rosenfeld and Beath, 1964), 
this oxidation is probably due to a bacterial catalized
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
99
reaction.
Surprisingly high concentrations of organic selenium 
were found in seawater, river water and estuarine water, and 
they were similar in all three samples, about 0.8 nM, 
suggesting that organic selenium seems to persist to 
estuarine removal and may be stable in the marine 
environment. Organic selenium preferentially associated 
with the small molecular weight size fraction of dissolved 
organic matter, and within the small molecular fraction, it 
non-preferentially associated with dissolved organic matter.
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In order to better understand the marine geochemistry 
of selenium, the input of selenium into the ocean and the 
behavior and fate of selenium in the ocean must be 
investigated. In this dissertation research, only the 
riverine input and the behavior of selenium in the estuarine 
and coastal environment have been studied. There are still 
many discrepancies in our understanding of the marine 
geochemistry of selenium.
Since selenium is volatile and is known to be 
concentrated in the sulfide rich environment (Howard, 1977), 
volcanic gas and molten lava from hydrothermal vents may be 
other sources of selenium in the ocean. Selenium in 
volcanic gases has been determined and it was indeed 
siginificantly enriched with respect to its crustal 
abundance (Buat-Menard and Arnold, 1978). However, the 
concentration of selenium in a hydrothermal area has not 
been determined. The concentration of selenium in such an 
area is expected to be high.
Since the vertical profiles of Se (IV) and Se (VI) in 
the ocean are similar to those of nutrients, some biological 
process must play an important role in the distribution of 
selenium in the ocean. However, neither its occurence nor 
its biochemical role in marine organisms is well understood. 
If selenium is taken up by organisms as an essential 
nutrient, it may be incorporated into tissues. On the other 
hand. if selenium is accidentally taken up and act as a 
toxin, it may be preferentially incorporated in cell walls
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as a part of detoxification machanisms. Since some aquatic 
organisms are known to be capable of methylating selenium 
(see Chapter 1), the volatile methylated selenium may escape 
to the atmosphere from the ocean. Therefore, methylated 
selenium produced in the ocean may act as a sink for 
dissolved selenium in the ocean and as a source for 
atmospheric selenium.
Another possible sink of dissolved selenium in the 
ocean is conversion of dissolved to the particulate form. 
Unfortunately, information on particulate selenium in the 
ocean is scarce. Marine organisms again may play an 
important role in the conversion of dissolved to particulate 
selenium. If selenium is consumed by marine organisms, it 
can exist as paticulate matter in the ocean and can be 
transported to the sediments as organic detritus and/or 
fecal pellets. In fact, selenium was found in fecal pellets 
and was enriched with respect to its abundance in seawater 
(Fowler, 1977).
Furthermore, high concentration of particulate selenium 
can be expected in the anoxic environment. The 
concentration - pE diagram of the selenium system (Fig.
7.1) indicates that selenium in the elemental state, Se (0), 
is the predominant species in the anoxic condition at pE 
around 4. Se (0) may be easily adsorbed on the suspended 
particles and exist as particulate selenium. Cutter (1982) 
reported that organic selenium is the major dissolved 
species in the anoxic water of the Saanich Inlet. However,









10-1 5 -10 5 150- 5
PE
Fig. 7.1. The concentration -pE diagram of the
selenium system in natural waters at pH 
8.1 and total selenium concentration 
2 x 10“ . (Thermodynamic data taken 
from Latimer, 1952)
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no published data is available on particulate selenium in 
the anoxic environment.
Only dissolved total selenium and Se (IV) were 
systematically determined in the James River and southern 
Chesapeak Bay. However, the existence of organic and 
colloidal selenium in natural waters was demonstrated in 
this research. The knowledge of the behavior of organic, 
colloidal and particulate selenium during estuarine mixing 
certainly helps to obtain a clearer picture of the 
speciation and transformation of selenium species in an 
estuary where kinetic consideration may be more important in 
the speciation of an element.
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